We have measured nonlinear-optical effects in ion-exchanged channel waveguides fabricated in semiconductordoped glass. The nonlinearity is manifested as optically induced saturable absorption displaying a resonant enhancement. The relaxation time of the nonlinearity was found to be tens of picoseconds. The relaxation time also exhibited wavelength dependence. Waveguide transmission and pulse-probe experiments using a picosecond mode-locked dye laser were used to carry out these measurements.
INTRODUCTION
Integrated optics offers considerable advantages for all-optical logic devices based on nonlinear-optical phenomena. Integrated optics is compatible with optical-fiber technology; more importantly, the light is confined in waveguides so that high intensities can be maintained over much longer distances than those available with unconfined light, and therefore interaction distances are limited by absorption rather than diffraction effects. Semiconductor-doped glass (SDG) has been shown in a number of studies to have potentially useful nonlinear properties that include a large nonlinearity together with a fast response time.'-7 SDG consists of nanocrystallites of CdS,-.-Se. with diameters of 10-100 nm embedded in a glass matrix. The crystallites provide the nonlinear-optical properties, while the glass host is easily modified to permit waveguides to be formed, which makes SDG an ideal candidate for the fabrication of nonlinear integrated-optical devices. Several all-optical device configurations have been proposed. 8 -' 2 A Mach-Zehnder interferometer operated as an all-optical gate in LiNbO 3 has been demonstrated by Lattes et al. 9 Nonlinear directional couplers have been demonstrated in stress-induced GaAs channel waveguides by Kam Wa et al. 1 0 and in dual-core fibers by Friberg et al." It is possible to fabricate these devices in SDG with currently available waveguide technology.1 3 In this paper we present a demonstration of nonlinear-optical effects in channel waveguides fabricated in SDG's.
In Section 2 details of waveguide fabrication are presented. The variation of transmission of the waveguides as a function of incident optical power and wavelength is given in Section 3. An increase in transmission as a function of power is observed, which is strongly enhanced in the vicinity of the band gap of the crystallites. Time-resolved pulseprobe measurements of transmission are presented in Section 4. These show properties similar to those of the bulk glasses, and resonant enhancement is again exhibited. We discuss the results of the experiments in Section 5. We conclude that our results (similar to those obtained for the bulk glasses) constitute an important technological step forward for the SDG's in that the nonlinear-optical effects can be induced in an integrated-optical channel waveguide form.
WAVEGUIDE FABRICATION
The channel waveguides used for this study were fabricated in SDG by an ion-exchange process. After early attempts at Na+/Ag+ ion exchange, in which unsatisfactory waveguides were produced, we established that low-loss waveguides can be manufactured by Na+/K+ ion exchange.' 3 The waveguides were produced in soda-lime SDG, which was specially prepared by Schott Ltd. (the standard Schott color-filter glasses are made from low-sodium borosilicate melts, which are difficult to ion exchange). Standard photolithographic techniques were employed to mask off all but a 4-Am by 6-mm stripe upon the surface of the substrate with evaporated aluminum. Immersion in KNO 3 at 340°C for 1 h produced single TE-TM-mode channel waveguides. The ends of the substrate were polished in order to permit the use of end-fire coupling as a means of coupling light into the waveguide.
TRANSMISSION STUDIES
We measured the optical transmission of ion-exchanged waveguides as a function of incident optical fluence and wavelength by using a simple direct-detection method, as shown in Fig. 1 . A mode-locked cavity-dumped dye laser synchronously pumped by a frequency-doubled Nd:YAG laser was used as the light source. The laser repetition rate was 3.8 MHz, the autocorrelated pulse width was 6 psec, and the maximum energy per pulse was 2.6 nJ. A Pockels cell with a bias voltage set by a wideband (800-Hz) programmable power supply was used to provide 256 increments of attenuation over 3 decades of optical power. 14.00
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Ann L-0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 over the range of powers used. At each discrete level of attenuation set by the Pockels cell the detector output was sampled 128 times and averaged to reduce noise. M60 microscope objectives were used to couple light into and out of the waveguides. A Jarrell-Ash 82-000 Series spectrometer was used to measure the operating wavelength. A plot of low-fluence transmission versus wavelength is shown for the 6-mm-long channel waveguide in Fig. 2 . The input coupling efficiency was measured to be 37% at 610 nm and assumed to remain constant when the wavelength was changed. Assuming an effective waveguide cross-sectional area of 16 ,4m 2 , the incident power density at 1-mW average power was approximately 100 MW/cm 2 . We were working at very high intensities in these experiments; the intensity varied between 10 MW/cm 2 and 1 GW/cm 2 . We were also working in a transient regime in terms of the induced carrier populations; that is, our laser pulse widths were shorter than typical relaxation times quoted for darkened (solarized) SDG.' In this regime the relevant quantity is fluence, or energy density. The energy densities used in our experiments were in the range 0.06 to 6 mJ/cm 2 .
The change in transmittance as a function of fluence and wavelength is plotted in Fig. 3 . The transmittance clearly increases with increasing fluence at all wavelengths. At short wavelengths the transmission changes linearly with fluence, whereas the transmission changes begin to saturate, for comparable fluence levels, at the longer wavelengths. The experimental data are plotted in terms of change in transmittance versus wavelength for several values of fluence in Fig. 4 . The net transmission changes correspond to a blue shift in the absorption edge, implying that the change in absorption is electronic rather than thermal in origin. The corresponding absorption changes, calculated as a weighted average over the length of the waveguide, can be seen in Fig. 5 . Although data are unavailable for photon energies well above the band gap, it is clear that resonantly enhanced saturable absorption has been observed in this experiment; that is, the saturation of the absorption coefficient exhibits a strong wavelength dependence. Saturation of the absorption is evident at all wavelengths, with the maximum fractional change in absorption decreasing as the detuning from resonance increases. It is evident from Fig. 5 that the absorption cannot be completely saturated with the fluences that we were using.
TIME-RESOLVED PULSE-PROBE EXPERIMENTS
In this section we present the results of a pulse-probe measurement of the temporal behavior of the nonlinearity in the guided-wave environment. The previously discussed nonlinear absorption measurements were performed with a single polarization; however, the pulse-probe polarizations are crossed. We have neglected any relation between the effective third-order-susceptibility tensor elements of the randomly oriented microcrystallites for parallel and crossed polarizations. However, we make the assumption that the relaxation times of the change in absorption in the two configurations are identical since the relaxation mechanisms respond to the excited carrier density.
Pulse Propagation
The propagation of high-intensity pulses in these waveguides was studied by using an autocorrelation technique, as any pulse distortion would have to be taken into account if one were interpreting the data from the pulse-probe experiments. Autocorrelations of the input and output pulses of a waveguide were measured. Apart from there being more noise on the output-pulse autocorrelation, there was no apparent substantial distortion. As a result, we were able to use the pulse-probe technique to measure the relaxation time of the nonlinearity. Figure 6 shows the experimental arrangement for a pulseprobe experiment that measures the time dependence of absorption recovery in the waveguide. In the usual pulseprobe experiments the pulse and probe are propagated at different angles, thus permitting spatial separation. This is not possible in a waveguide configuration, and therefore in this experiment the pulse is polarized perpendicular to the probe, so that an analyzer can be used for discrimination between them. Such an approach is not completely successful because there is some depolarization of the pulse during propagation through the waveguide (even at low powers), which means some leakage of pulse light into the probe polarization. Further isolation of the probe from the pulse is achieved by chopping the probe light at low frequencies (near 100 Hz) and synchronously processing the signal with a lock-in amplifier. In Figure 7 the probe signal is shown as a function of delay between probe and pulse for wavelengths close to the band edge of the SDG. Saturation of the absorption is clearly
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A-SEMICONDUCTOR DOPED GLASS WAVEGUIDE Fig. 6 . Experimental arrangement for pulse-probe measurements of the time recovery of saturable absorption in ion-exchanged SDG waveguides. The weak probe (1% of the pulse), which is polarized orthogonally to the pulse, is chopped to permit synchronous detection.
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TI M E (psec.) evident; the probe transmission is increased by approximately 80% at a wavelength of 581 nm. The full widths at half-maxima of the transmission curves increase from 12 psec at 581 nm to 25-30 psec at 590 nm. Assuming that the turn-on time of the nonlinearity remains constant at these wavelengths, we conclude that the relaxation time is wavelength dependent, increasing with decreasing photon energy-
DISCUSSION
A number of studies of nonlinear-optical phenomena in bulk samples and in fiber SDG have been undertakenl- 6 ; these have established that the resonant nonlinearity in SDG is relatively large, with an intensity-dependent refractive-index coefficient n 2 of 10-15-10-'3 m 2 /W and a fast relaxation time of approximately 10-11 sec.
The mechanism for the nonlinearity is best explained by using a band-filling or dynamic Moss-Burstein model.' This model predicts a blue shift in the absorption edge, which is electronic in origin. Our results of a blue-shifted absorption edge are consistent with the band-filling mechanism. Any thermal contribution (red shift) that may mask the maximum blue shift that can be observed is assumed to be small. Our pulse separation was only 260 nsec-thermal relaxations are assumed to be longer-and a significant portion of the energy was absorbed at shorter wavelengths, yet the maximum decrease in absorption was observed at the shortest wavelength used.
The samples used in our experiments were assumed to be photodarkened since they had previously been subjected to moderate-to-high fluences. Roussignol et al. have concluded that a fast response occurs only with photodarkened glasses.' This conclusion is consistent with the observation of Yao et al. 5 of a luminescence lifetime of approximately 10 psec in bulk SDG. Our results support this conclusion but also reveal a wavelength dependence of the recovery time for the nonlinear absorption. We are currently investigating the relaxation dynamics to determine the relative influences of trapping levels, electron-hole recombination, excited-carrier absorption, and nonradiative processes on the measured lifetimes.
The nonlinear behavior of the semiconductor crystallites can be crudely modeled as an inhomogeneously broadened, saturable two-level system:
where a(co) is the absorption observed at input intensity I(w), ao(co) is the linear absorption, and I(w) is the saturation intensity. The predictions of the two-level model were compared with experimental results. The model predicts a resonant X3ff of 8 X 10-8 esu, corresponding to an intensitydependent refractive-index coefficient n2 5 x 10-14 m2/W, which is in order-of-magnitude agreement with values measured by other authors. 4 It is clear, however; that the experimental data are not well modeled by the two-level system, except at low fluences. The practical consequences are that the maximum achievable refractive-index change will be somewhat less than that predicted by the two-level system and the accompanying absorption will be higher. We are currently analyzing these results with more-detailed semiconductor theory in order to gain better insight into the behavior of the nonlinearity. The role of detuning becomes of critical importance, for only by detuning can an optimum trade-off among refractive-index change, absorption, relaxation time, and saturation intensity be achieved.
The significance of these measurements for integrated optics is that they demonstrate some simple facts about using darkened SDG's in a guided-wave format. The saturation intensities required in waveguides that are millimeters in length are extremely large. The absorption can never be completely bleached, however, even at these intensities. Much smaller saturation intensities could be expected for undarkened samples, at the expense of a much longer relaxation time.
CONCLUSIONS
The nonlinear-optical effects measured here are crucial to the modeling of all-optical logic device operation in devices made from photodarkened SDG ion-exchanged waveguides. We have fabricated ion-exchanged channel waveguides in SDG and confirmed that the ion-exchange process does not affect the nonlinear-optical properties significantly. We have carried out dc and time-resolved measurements of resonant nonlinear absorption in these waveguides. Our estimate of X 3 is similar to that calculated by other authors for bulk SDG, and we have established that the relaxation time of the nonlinearity is between 12 and 30 psec, depending on the detuning from resonance.
